Abstract: This paper investigates the impact of high-speed rail (HSR) on intercity travel behavior changes using the Chengdu-Chongqing (Chengyu) Passenger Dedicated Line (PDL) as an example. Based on the statistical analysis of survey data that consists of 1384 samples, the result shows that HSR has become the primary mode of intercity travel between Chengdu and Chongqing. Specifically, travel demand has increased by 60% after the operation of the HSR system and the demand change is affected by several factors, such as trip purpose, gender, and travel time savings. The result also shows that the variation of travel demand in both directions declined after the opening of HSR, which suggests that HSR tends to promote a convergent growth of intercity travel demand. Although most passengers ride the Chengyu HSR for a personal reason, the number of riders using it for commuting and business purposes has also increased substantially. Overall, the study confirms that the economic link between Chengdu and Chongqing has been enhanced by the operation of HSR.
Introduction
Travel behavior has a close linkage with transportation infrastructure. Transportation infrastructure facilitates passengers and freight flows given reduced transportation costs and increased accessibility. For instance, Ma, Wang, and Liu (2012) found that a 1% reduction in travel time is associated with a 0.8% travel demand increase in China based on a comprehensive travel survey analysis. High-speed rail (HSR), 1 as one of the advanced passenger transportation systems, has fundamentally changed the intercity travel experience due to its effect on compressing time and space (Perl & Goetz, 2015; Zhou, 2015) .
HSR development was initiated in 2004 in China, with the objective to serve over 80% of the population by 2025. With strong governmental support, the HSR system developed so rapidly that the initial plan of a network consisting of four-horizontal and four-vertical HSR trunk lines was completed nearly three years ahead of the schedule. To date, the system includes a total HSR length of over 25 thousand kilometers, which accounts for over 66% of HSR tracks worldwide. While people enjoy the convenience brought by HSR, several key issues pertaining to the effectiveness of HSR on intercity travel demand remain unclear. For instance, how does HSR affect travel demand changes? And what are the implications of travel behavioral changes caused by HSR on future transportation planning and development?
To address these questions, our study utilizes the Chengdu-Chongqing (Chengyu) Passenger Dedicated Line (PDL) as an example. We believe that the Chengyu PDL provides a unique case to examine the impact of HSR on travel behavioral changes in the less developed regions of China. In addition, the investigation of HSR's influence on intercity travel behavioral changes also helps us to clarify whether the development of HSR has any effect on promoting regional economic integration between two major cities (Chengdu and Chongqing).
Another highlight of this research is that unlike previous studies that investigated the issue from a static perspective, our study evaluates the impacts of HSR on travel demand with a focus on examining the shifting behavior change after the operation of HSR.
2 Furthermore, the spatial variations of travel demand are also evaluated through a comparison of trip intensity indices of different origin-destination (OD) pairs. We believe that such a comparison is critical to ensuring the dynamic variation of intercity travel demand caused by HSR is captured adequately. In addition, a valid understanding of travel demand through a spatiotemporal analysis could also improve the accuracy of travel forecast and economic impact analyses (Chen, Xue, Rose, & Haynes, 2016) , which may eventually improve the efficiency of HSR operation and the effectiveness of future infrastructure investments.
The rest of the paper is organized as follows. Section 2 reviews the relevant literature. Section 3 introduces the data. Section 4 discusses the characteristics of Chengyu intercity travel demand. Section 5 presents empirical results, and section 6 summarizes and concludes.
Literature review
Although the impact of HSR has been evaluated extensively in the literature, the understanding of the impact of HSR on intercity travel behavior changes remains limited. To identify the research gap specifically, the following review focuses on four aspects: accessibility, economic effect, urban spatial restructuring, and intercity travel behavior. The impact of HSR on urban accessibility has been evaluated extensively using various methods, such as network topology, the grid method, the spatial syntax method, and GIS. It is generally believed that the space-time compression brought by HSR has a significant effect on improving regional accessibility (Gutiérrez, Gonzalez, & Gomez, 1996; Jiang et al., 2016; Jiao, Wang, Jin, & Dunford, 2014;  1 There are two types of premium passenger train services in China: D-train and G-train. The former is usually operated on a conventional rail line with an operating speed of 160-250 km/h. Instead, G-train is more advanced than the D-train as it usually operated on dedicated passenger rail lines at a speed of 250-350 km/h. In this paper, HSR refers to G-train only. Chen, 2012) . However, other studies also revealed that although accessibility has significantly improved over the past decade in China (Shaw, Fang, Lu, & Tao, 2014) , the effects were found to vary substantially due to different regional characteristics (Zhong, Huang, & Wen, 2015) . In particular, some studies revealed that HSR tends to enhance the intercity connection of only hub cities (Jin & Wang, 2004; Wang & Jin, 2005) . Hence, urban agglomeration and labor force evolution may be facilitated as a result of HSR development (Kim, 2000; Garmendia, Ribalaygua, & Ureña, 2012; Chen & Hall, 2011; Haynes, 1997) . With HSR the simulation suggests that land development is accelerated (Yu, Chen, Martínez, & de Abreu e Silva, 2015) .
In terms of the economic effects of HSR, the research findings in the literature appear to be mixed. For instance, some studies found that travel time savings brought by HSR could generate a positive economic benefit through productivity improvement (Rietveld, 1989; . However, other studies suggested that the economic effects of transportation systems can be negligible or, in some cases, even negative due to spillover effects (or redistributional effect) (Boarnet, 1996) . Some studies suggested that HSR can have a negative effect on peripheral cities while benefiting major central cities (Hall, 2009) . For instance, Chen and Haynes (2015a) found that the opening of HSR between Beijing and Shanghai has a significant impact on housing price increases in small and medium-sized cities, but the impact is found to be negligible in provincial capital cities. It should be noted that most of these studies examined the economic effect of HSR at an aggregate level, whereas assessments at a disaggregated or individual level are still scant (Long, Meng, & Li, 2019) .
The impact of HSR has also been examined from the perspective of urban spatial restructuring, but it is still unclear whether the introduction of HSR leads to a polarization or convergence of urban spatial structures. For instance, Kivisto (2012) indicated that urban transformation and regional spatial structuring are affected by modern technologies, such as HSR, aviation, and Internet. In addition, scholars also argued that HSR may lead to positive outcomes of urban spatial restructuring, such as improvements of regional conditions (Gutiérrez, 2001 ), promotion of industrial structure (Chen & Hall, 2012) , economic growth (Campos & de Rus, 2009) , and the fostering of regional competition and cooperation (Ding, Jin, Wang, & Liu, 2013) . Hence, spatial structure can be transformed from an unbalanced, single-centered form to a balanced, multi-centric form (Fang & Sun, 2014) . Conversely, regional agglomeration may also be facilitated by HSR, as observed by other scholars. For instance, Li, Jiang, and Lou (2009) found that HSR is likely to enhance the role of regional hub cities after it goes into operation. Li, Liu, and Cao (2014) further confirmed that HSR has a strong agglomeration effect on economic activities, due to their finding that the degree of homogeneity increases among cities in terms of population, industry, and economic development patterns. A similar pattern was also confirmed in the European HSR system (Cheng, Loo, & Vickerman, 2015) .
Although the impact of HSR on travel behavioral changes has received increasing attention, there is still a lack of clear understanding of this issue. Some studies, such as Chan and Yuan (2017) , found that people opted to ride HSR more often for tourism-related purposes after the opening of the ShenzhenXiamen HSR. Chen, Sun, Zhu, and Zeng (2016) found that HSR was more frequently used for commute after the opening of the Beijing-Shanghai HSR. Other studies indicated that HSR has changed both the spatial perception of travelers and the spatial distribution of travel demand (Hou, Liu, Zhang, & Hu, 2011; Li et al., 2014; Long & Meng, 2015; Li, Zhu Li, Ma, & Gu, 2006; Mou, Li, & Cui, 2014) .
Although the aforementioned studies attempted to reveal the travel behavioral changes caused by the operation of HSR in China, most of the studies were conducted at an aggregated level without a comparison of the change in travel demand from a shifting behavior perspective. There is also a lack of focus on the different effects of demand change. As revealed by Givoni and Dobruszkes (2013) , HSR tends to have a strong substitution effect on other transportation modes due to its advantage of speed.
In addition, demand may also be induced if the capacity of transportation infrastructure is expanded (Cascetta, Papola, Pagliara, & Marzano, 2011) . It is clear that HSR is likely to affect travel behavioral changes, both through a substitution effect and an induced demand effect , but unfortunately there is still a lack of empirical evidence to reveal how the travel demand of HSR is affected by these different effects (Givoni & Dobruszkes, 2013) .
In sum, our study is intended to fill research gaps in the following aspects: First, our study provides a detailed empirical assessment of HSR's impact on travel demand change, with a focus on shifting behavior changes through a before-after comparison. Second, unlike previous studies that focused on HSR in developed regions, our assessment focuses on the Chengyu corridor, which is located in a less developed region of China. We believe that such a focus will provide meaningful implications to advance future policy-makings related to infrastructure investments and economic development in less developed regions. Third, our study reveals the spatiotemporal variations of HSR's impacts on intercity travel demand change based on a detailed assessment of the survey results.
3
Study area and data sources
Study area
The Chengyu corridor connects two major metropolitan cities in the southwest of China − Chengdu and Chongqing-with a distance of 500 km. Chengdu (with the abbreviation "Cheng"), is the capital city of the Sichuan province, whereas Chongqing (with the abbreviation "Yu"), is one of the key municipalities in China. As illustrated in Table 1 , although Chongqing is much larger than Chengdu in terms of geographic area and population, its economic vitality is less vigorous than Chengdu in terms of GDP and income per capita. The transportation linkages between Chengdu and Chongqing have experienced different stages of development since the establishment of the nation. The first railway in this corridor was built in 1952; it was used for both freight and passenger transport, and the average travel time between Chengdu and Chongqing was about 12 hours. More than fifty years later, the second conventional railway (known as "Cheng-Sui-Yu") was developed in 2006. Given that this is a ballastless rail system, the travel time between the two cities reduced substantially to 5 hours. However, the true HSR in this corridor was not established until 2015. The new HSR system has a distance of 307 km and consists of 10 intermediate stations (see Figure 1 ). The system is designed with a maximum speed of 350 km/h. As a result, the average travel time between Chengdu and Chongqing has further reduced to only 1.5 hours.
Note: Railway stations are marked in red. Because aviation service between Chengdu and Chongqing was cancelled after the D-train went into operation in 2009, highway and rail are the major modes of transportation in this corridor. As illustrated in Table 2 , in addition to four different rail services, intercity bus service is also a major mode of intercity travel. Notes: a. The fare represents the cost of using private vehicle, which includes tolls and fuel. The toll of the Cheng-Yu Highway (G76), the Cheng-Sui-Yu Highway (G93) and the Yu-Rong Highway (G5013) are ¥155, ¥139 and ¥164, respectively. The fuel cost is calculated by assuming the rate is at ¥0.5 per km.
Source: Authors' collection.
Data
The data utilized in this analysis was obtained from various sources. For instance, socioeconomic data was obtained from statistical yearbooks, whereas travel behavior data was collected from a travel survey. Specifically, a questionnaire-based survey and face-to-face interviews were conducted simultaneously at the two terminal stations-the Chengdu East Railway Station and the Chongqing North Railway Station-between May 21-27, 2017, from 7 am to 10 pm. 3 The survey captured passenger flow in both directions between Chengdu and Chongqing. A total number of 1,870 questionnaires were distributed, and 1,810 responses were received. In the end, 1,384 responses were identified as effective, 616 of which were collected at the Chongqing North Station; the remaining responses were collected at the Chengdu East Station. The descriptive statistics of the survey respondents are summarized in The age of respondents ranges from under 18 to 60. In addition, the majority of respondents were male, with higher education and income levels. Specifically, the share of male respondents was 4.3% higher than that of the cities' average. In terms of educational background, 80% of respondents had a higher education degree. The variation of mode choice before and after the operation of the Chengyu HSR was examined. As illustrated in Table 4 , 40.9% and 40.7% of respondents indicated that intercity bus and conventional passenger rail were adopted, respectively, before the opening of HSR. However, the rates reduced substantially after its opening. Overall, 98.1% of the respondents indicated that HSR became their primary mode for intercity travel after the opening of the Chengyu HSR. This change of mode choice was also found to vary across different income groups, although the variation is relatively small. For instance, on one hand, the level of substitution from other modes, such as conventional train, bus and taxi, tends to be considerable in high-income group (with a monthly income over ¥ 10,000). On the other hand, the level of substitution from private vehicles is less substantial in high-income group as opposed to groups with lower incomes. Such a result confirms that the level of income does affect the use of private vehicles. More interestingly, the result also shows that the use of HSR is less sensitive to the level of income. Specifically, the mode choice for HSR ranges from 96.2% to 99.2%, suggesting that most travelers consider HSR as the primary mode for intercity travel between Chengdu and Chongqing. In addition, the survey shows that passengers were also concerned about factors such as speed, amenities, and on-time performance, each of which has a response rate of 76.8%, 51.9% and 39.5%, respectively. Surprisingly, the results show that passengers are less concerned about fare and safety, as only 19.8% and 26.6% of the respondents indicated that these factors affected their decisions of mode choice. Overall, the result confirms that HSR has become the preferred mode for intercity travel between Chengdu and Chongqing. Trip purposes before and after the operation of HSR are compared in Figure 2 . The main trip purposes include returning home, business, visiting relatives and friends, and shopping. Although the share of study-related trips (e.g., going to school for a higher education) experienced a slight decrease after the opening of HSR, the number of other trips, such as returning home, tourism, business, and visiting friends and relatives all increased after the system went into operation. The trip purpose of visiting relatives and friends experienced the highest growth (by 4.0%) after the opening of HSR. The trip purposes for tour-shopping and business also experienced rapid growth. In sum, the results suggest that business activities are faciliated and the socioeconomic linkages are also enhanced between Chengdu and Chongqing after the opening of HSR.
Note: Multiple trip purposes are allowed in the survey.
Source: Authors' collection. 
Spatiotemporal distribution of the travel demand
Following the research framework developed by Lu (2001) and Hou et al. (2011) , the spatiotemporal distribution of intercity travel demand is analyzed in terms of frequency, departure time, trip duration, travel intensity, and direction.
Frequency
The change of travel frequency before and after the operation of HSR is illustrated in Figure 3 . Again, the results show that people began to travel more frequently after the operation of HSR; the share of respondents who indicated by "never travelled" and "travel once every six months" dropped substantially.
Conversely, the proportion of those who traveled at a frequency of either "once a month," "once a week," or "more than once a week" increased significantly after the opening of HSR.
Departure time and trip duration
The changes in departure time and trip duration were adopted to understand whether the flexibility of intercity travel is improved by HSR. As illustrated in Table 5 , the ratio of passengers who chose "travel at any time" grew by 8% after the opening of the HSR. Conversely, the rate of those who chose "travel on the weekend" reduced by 4.9%. In terms of the departure time comparison, the share of passengers who chose to depart in the "early morning" decreased by 12.1% after the opening of the Chengyu HSR. Instead, the share of all those who selected to depart later in the day experienced an increase. Specifically, the share of those who departed in the "afternoon" expanded by 15.9%. This evidence suggests that HSR has greatly improved the flexibility of the intercity travel between Chengdu and Chongqing. Trip duration also experienced changes after the opening of the Chengyu HSR. One of the major changes is that passengers who took a round trip within a single day increased by 18.1% after the opening of HSR. Conversely, the share of passengers with trip duration of "1-3 days" and "4-6 days" decreased by 10.5% and 4.5%, respectively. This evidence suggests that intercity travel has become much convenient after the opening of HSR. 
Trip intensity and direction
Trip intensity and direction were calculated to further understand travel behavior changes caused by HSR. Trip intensity measures the level of travel demand between a certain O-D pair, whereas trip direction captures the spatial orientation and distributional tendency of travel demand. Specifically, the absolute intensity can be illustrated as: (1) where α A denotes absolute intensity, n i refers to the number of inflow (or outflow) in region i, and S refers to sample size. Conversly, the relative intensity measures the average trip per person, which is derived using the absolute intensity index divided by the population of the origin/destination. The relative intensity can be illustrated as: (2) where α R refers to relative intensity and C i represents the population in region i. As summarized in Table 6 , it is not surprising that most HSR riders came from Chengdu and Chongqing, which account for 31.4% and 32.6% of the entire survey sample, respectively. In the Chongqing-bound survey, passengers were also from intermediate cities such as Neijiang, Luzhou, and Ziyang. The results also show that passengers came from other cities in the Sichuan province, such as Mianyang, Deyang, and Leshan. In the Chengdu-bound survey, many passengers were found to come from neighboring cities near Chongqing as well, such as Rongchang, Yongchuan, Bishan, and Wanzhou. Overall, the ranking of absolute intensity is generally consistent with that of relative intensity, which confirms that the survey provides a reasonable coverage of the population distribution in this region. Likewise, trip intensity was calculated by destinations in both directions. As illustrated in Table  7 , approximately 35% of the passengers who departed from Chengdu rode HSR to Chongqing, and vice versa. When departing from Chengdu, the destinations of most passengers were Neijiang, Bishan, Ziyang, Wanzhou, and Yongchuan. Conversely, although the final destination of over one-third of the passengers was Chengdu, the rest of the passengers who departed from Chongqing traveled primarily to Rongchang, Yongchuan, Neijinag and Dazu. Again, the ranking of absolute intensity is consistent with that of relative intensity. Another interesting finding is that the top destination of passengers who departed from the Chongqing North Station was Rongchang after normalizing by population, which suggests that travel intensity is high from Chongqing to Rongchang if it is measured in terms of average trip per person. Table 7 . Trip intensity ranked by the destination of the survey respondents Note: The Chengdu East Station and the Chongqing North Station are considered as the origins respectively in the calculation.
Source: Authors' calculation.
Empirical analysis
The empirical analysis addresses the following key questions: First, how did the economic linkage between Chengdu and Chongqing change after the opening of HSR? Second, how did the migration pattern alter after the opening of HSR? Third, what socioeconomic factors affected the trip frequency change caused by HSR?
Economic linkage
Following Li et al. (2009) and Li et al. (2014) , the spatial gravity index was adopted to measure the variation of the economic linkage between Chengdu and Chongqing. Specifically, the index is expressed as:
where R ij refers to the index of the economic linkage between region i and j, and P i and P j represent the population in region i and j, respectively. G i and G j denote the GDP of the two cities, respectively. D ij represents the shortest travel time by HSR between the two cities.
Given that the Chengyu HSR began operation on December 26, 2015, 2015 is considered as the year before HSR, whereas 2016 is the year after the opening of this service. The calculation result shows that the index was 905.0 in 2015, and the value increased to 4254.4 in 2016. The different results suggest that the economic linkage between the two cities increased by 3.7 times after HSR went into operation. 
Migration
Following Li et al. (2009) , the index of migration was calculated to examine whether the migration pattern was altered after the introduction of Chengyu HSR. Specifically, the index of unidirectional migration can be illustrated as: (4) where P (i-j) refers to the frequency of the average outflow from city i to j. a (i-j,k) represents the number of respondents with a travel frequency of k (0≤k≤m,m=0,1,2,3,...) . f k denotes different levels of travel frequency, which in this case represents six categories: "never", "twice a year", "once every two months", "once a month", "once a week" and "twice a week". Hence, the value of each category is specified as: f 0 =0, f 1 =2, f 2 =6, f 3 =12, f 4 =48, f 5 =96. N i represents the number of valid samples in each city. Hence, the index of migration of the two directions in the corridor can be represented as: 
Factors affecting the travel demand
To investigate what factors affect the intercity travel demand changes between Chengdu and Chongqing, an econometric analysis was implemented based on the survey data. Specifically, an ordered probit model was adopted following Li et al. (2014) . The model is specified as:
where Y i denotes the dependent variable, which is measured by the variations of travel frequency before and after the opening of HSR. X i represents independent variables, β represents the coefficients to be estimated, and ε i denotes the error term. The descriptions of the variables are summarized in Table 9 . The regression analysis was conducted separately by the direction of demand. As illustrated in Table  10 , Models 1 and 2 summarize the regression results based on the respondents who departed from Chengdu and Chongqing, respectively, whereas model 3 presents the aggregate results. It is clear that the factors which affect intercity travel demand are slightly different in the two models. For instance, the estimate of "tour and shopping" was found to be substantial and statistically significant in Model 1, whereas the estimate of "visiting friends and relatives" was found considerable and statistically significant in Model 2. Such findings suggest that the change of HSR travel demand is primarily attributed to the Trip purpose: study (X 7 ) Unordered Yes=1, No=0
Trip purpose: visit friends & relatives (X 8 ) Unordered Yes=1, No=0
Trip purpose: tour and shopping (X 9 ) Unordered Yes=1, No=0
Trip purpose: returning home (X 10 ) Unordered Yes=1, No=0
The reason for choosing HSR: time savings (X 11 ) Unordered Yes=1, No=0
The reason for choosing HSR: fare (X 12 ) Unordered Yes=1, No=0
The reason for choosing HSR: amenity (X 13 ) Unordered Yes=1, No=0
The reason for choosing HSR: punctuality (X 14 ) Unordered Yes=1, No=0
The reason for choosing HSR: safety (X 15 ) Unordered Yes=1, No=0 expansion of personal trips. More specifically, it appears that people are more likely to travel for tourism and shopping from Chengdu to Chongqing by HSR, whereas people are more likely to visit friends and relatives from Chongqing to Chengdu. In addition, demographic variables such as age, education, and income were also found to have influences on travel demand change. For instance, negative estimates of the age variable were found among all three models, but only the estimate in Model 1 was found to be significant at the 10% level. This result indicates that the number of young travelers increases in HSR travel frequency, ceteris paribus. The estimates of gender were found negative and statistically significant in Model 2 and 3, which suggests that being a female is more likely to increase the travel frequency by HSR, ceteris paribus.
In terms of the motivation for choosing the Chengyu HSR, only the travel time-saving variable was found to be statistically significant, which suggests that people who appreciate travel time-saving tend to ride HSR more frequently. 
Conclusions
HSR has experienced prosperous development in China over the past decade. Although previous studies have attempted to quantify the impact of HSR on travel demand, most analyses focus on HSR in developed regions, whereas little attention has been paid to the systems operating in less developed regions of China, such as the southwest. To fill the gap, this study evaluates the impact of HSR on intercity travel behavioral changes using the Chengyu PDL as an example. Based on a travel survey including 1,384 samples, this study shows that intercity travel demand between Chengdu and Chongqing increased substantially, by 60%, after the operation of HSR. HSR has become the primary mode for intercity travel in this corridor. In addition, our study also found that the difference of demand in both directions was reduced after the operation of HSR. This suggests that HSR promotes a convergent growth of travel demand. Although most travelers ride HSR for personal trip purposes, our study found that business and commute trips were also on the rise. Overall, the study confirms that the economic linkage between Chengdu and Chongqing is enhanced due to the improved travel experience brought by HSR. These research findings provide the following two implications for planning and policy decisionmaking. First, given that trip intensities were found to be strong in some intermediate cities such as Neijiang, Bishan, Yongchuan, Rongchang, and Wanzhou, local governments and planning agencies need to pay more attention to this trend in order to provide appropriate policies to tackle both the challenges and opportunities generated by HSR. For instance, since the intercity travel demand was found to have increased substantially after the operation of HSR, more efforts are needed to address the potential issues associated with demand change, such as urban sprawl, land use, and population management. Second, because travel time savings were found to be one of the key incentives for people to ride HSR, future transportation planning and policy should focus on promoting a modal integration in order to further reduce travel time costs. For instance, HSR could be connected more seamlessly with other modes of transportation (e.g., public transit) in order to improve the efficiency of door-to-door travel. This is particularly important given the fact that many HSR stations in China are built in suburban and rural areas where public transit is often poorly served (Chen & Haynes, 2015b) .
It should be noted that our study also has a few limitations, which could be improved through future research endeavors. For instance, one caveat is that the results could be potentially overestimated due to the fact that the D-train (which is known as a lower-level of high-speed train service) was not considered in the assessment. Given that the D-train was not operating in the new HSR route until very recently, it would be worthwhile re-conducting the survey so that the findings could be further validated. Another limitation is that the research was analyzed based on a single HSR route without considering the spillover effects of other HSR services. Given that other HSR lines, such as the Xi'an-Chengdu and Guizhou-Chongqing, also began their operations recently in this region, it would be interesting to expand the analysis so that the effects of other HSR services could be analyzed and compared.
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